patterns of the small intestine explained by phase-amplitude coupling of two pacemaker activities: the critical importance of propagation velocity. Am J Physiol Cell Physiol 309: C403-C414, 2015. First published July 1, 2015; doi:10.1152/ajpcell.00414.2014.-Phase-amplitude coupling of two pacemaker activities of the small intestine, the omnipresent slow wave activity generated by interstitial cells of Cajal of the myenteric plexus (ICC-MP) and the stimulus-dependent rhythmic transient depolarizations generated by ICC of the deep muscular plexus (ICC-DMP), was recently hypothesized to underlie the orchestration of the segmentation motor pattern. The aim of the present study was to increase our understanding of phase-amplitude coupling through modeling. In particular the importance of propagation velocity of the ICC-DMP component was investigated. The outcome of the modeling was compared with motor patterns recorded from the rat or mouse intestine from which propagation velocities within the different patterns were measured. The results show that the classical segmentation motor pattern occurs when the ICC-DMP component has a low propagation velocity (Ͻ0.05 cm/s). When the ICC-DMP component has a propagation velocity in the same order of magnitude as that of the slow wave activity (ϳ1 cm/s), cluster type propulsive activity occurs which is in fact the dominant propulsive activity of the intestine. Hence, the only difference between the generation of propagating cluster contractions and the Cannon-type segmentation motor pattern is the propagation velocity of the low-frequency component, the rhythmic transient depolarizations originating from the ICC-DMP. Importantly, the proposed mechanism explains why both motor patterns have distinct rhythmic waxing and waning of the amplitude of contractions. The hypothesis is brought forward that the velocity is modulated by neural regulation of gap junction conductance within the ICC-DMP network. coupled oscillators; ICC; interstitial cells of Cajal; intestinal motility; phase-amplitude coupling THE MOTOR PATTERNS of the small intestine are dependent on, or influenced by, smooth muscle cell properties, pacemaker cells, the central and peripheral nervous systems, hormones, and other blood-borne substances. The role of pacemaker activities generated by interstitial cells of Cajal was the focus of the present study. The ICC associated with the myenteric plexus (ICC-MP) generate electrical oscillatory activity, the "slow waves," the dominant omnipresent pacemaker activity of the small intestine, that propagates into the musculature, providing it with cyclic changes in excitability. This determines the rhythmic transient nature of the contractions; it determines the frequency and propagation characteristics of the slow wave controlled rhythmic motor activity. Slow-wave-driven peristaltic activity can be demonstrated convincingly when comparing wild-type mice with WWv mutant mice that lack functional ICC-MP. When barium was gavaged into the stomach of wild-type mice, the motor pattern of the proximal small intestine, upon arrival of barium, showed rhythmic propulsive activity at the slow wave frequency (13). These slow-wavedriven contractions were lumen occluding and strongly propulsive (13). Using high-resolution manometry in a segment of human ileum in vitro (30), the slow-wave-driven contractions were of lesser amplitude, referred to as ripples, and the direction of propagation was quite variable, rendering this motor pattern less propulsive under such conditions. The slow-wavedriven contractions can also occur in clusters, which can appear stationary (15) or can be propagating (15, 52) . When propagating, the contractions can be powerful, rendering the clustered contractions forcefully propulsive (30). The clusters often appear in a rhythmic manner, at a much lower frequency than the contractions within the cluster (28, 30).
rhythmic transient nature of the contractions; it determines the frequency and propagation characteristics of the slow wave controlled rhythmic motor activity. Slow-wave-driven peristaltic activity can be demonstrated convincingly when comparing wild-type mice with WWv mutant mice that lack functional ICC-MP. When barium was gavaged into the stomach of wild-type mice, the motor pattern of the proximal small intestine, upon arrival of barium, showed rhythmic propulsive activity at the slow wave frequency (13) . These slow-wavedriven contractions were lumen occluding and strongly propulsive (13) . Using high-resolution manometry in a segment of human ileum in vitro (30) , the slow-wave-driven contractions were of lesser amplitude, referred to as ripples, and the direction of propagation was quite variable, rendering this motor pattern less propulsive under such conditions. The slow-wavedriven contractions can also occur in clusters, which can appear stationary (15) or can be propagating (15, 52) . When propagating, the contractions can be powerful, rendering the clustered contractions forcefully propulsive (30) . The clusters often appear in a rhythmic manner, at a much lower frequency than the contractions within the cluster (28, 30) .
After a meal, the dominant motor pattern ought not to be propulsive, and Cannon (7) gave in 1902 the classical description of the segmentation motor pattern of the intestine; its rhythmicity was shown a few years later by Alvarez (1) to be myogenic in origin. Recently it was shown that the segmentation motor pattern of the small intestine is associated with rhythmic waxing and waning of the amplitude of the slow wave activity, as well as rhythmic waxing and waning of the contraction amplitude (25) . Evidence was provided that waxing and waning developed when low-frequency rhythmic transient depolarizations originating from interstitial cells of Cajal associated with the deep muscular plexus (ICC-DMP) interacted with the omnipresent slow wave activity originating from the interstitial cells associated with the myenteric plexus (ICC-MP) through phase-amplitude coupling. That is, the phase of the low-frequency activity modulated the amplitude of the higher frequency slow wave activity, similar to interaction of brain activities at different frequencies (8) . Hence these interacting myogenic electrical activities occurring in the musculature in between the two pacemaker networks were seen to be a critical part of the mechanism underlying the segmentation motor pattern. The emergence of a segmentation motor pattern appeared to be associated with the induction of the second pacemaker originating from the ICC-DMP (25) . The ICC-DMP pacemaker occurs at a much lower frequency; the inductor can be a fatty acid such as decanoic acid or a neurotransmitter such as Substance P (25) . The existence of a second myogenic pacemaker has been supported by studies from Jimenez and coworkers (34, 35, 41) since 2001. The segmentation motor pattern occurs in response to nutrients, as shown by the effect of decanoic acid to whole rat intestine in vitro (25) , intraluminal decanoic acid or amino acids in the guinea pig in vitro (19, 20) , or oleic acid in vivo, in dogs (15) .
Segmentation, as with all motor patterns, has neural excitation as an important component of modulation (19) . The mechanism underlying the rhythmicity of segmentation has also been proposed to originate within the neural circuitry (9, 19) . The objective of the present study was to provide further insight into the role of the myogenic control system in shaping the motor patterns of the small intestine. The two pacemaker activities, the slow waves and the rhythmic transient depolarizations, were modeled as two sine waves of different frequency and their interactions were studied using phase-amplitude coupling. Particular attention was paid to the influence of the propagation velocity of the ICC-DMP component on the motor patterns.
METHODS
Electrophysiology. All research and handling of animals was approved by the Animal Research Ethics Board at McMaster University in accordance with the standards set by the Canadian Council on Animal Care (CCAC). Female adult CD-1 mice (Charles River Laboratories International, Wilmington, MA) ϳ14 wk of age were euthanized by cervical dislocation. Small segments of the jejunum (1-2 cm) were prepared for intracellular recording. The mesenteric fat was carefully cut off with fine point scissors, and the intestine was subsequently opened along the length of the mesenteric border and pinned flat on a Sylgard gel dish, mucosa facing upwards. Intracellular electrical activity was recorded from individual circular smooth muscle cells within a muscle preparation as previously described (39) . In short, activity was recorded by impalement with borosilicate glass micropipettes (fire polished; length 7 cm, OD 1.5 mm, ID 0.86 mm) filled with 3 M KCl and fabricated to yield resistance between 30 and 70 M⍀, using a MultiClamp 700B amplifier (Axon Instruments, Molecular Devices, Sunnyvale, CA). Signals were digitized at an acquisition rate of 2 kHz using a Digidata 1322A acquisition system (Axon Instruments).
Tissue preparations were kept in oxygenated (95% O 2-5% CO2) Krebs solution (118.1 mM NaCl, 1.0 mM NaH2PO4, 1.2 mM MgSO4, 2.5 mM CaCl2, 4.8 mM KCl, 11.1 mM glucose, 25 mM NaHCO3). All drugs and reagents were dissolved in deionized water except for decanoic acid [to induce the waxing and waning electrical activity (39) ], which was dissolved in dimethyl sulfoxide (DMSO) and nicardipine (to reduce contractile activity to allow electrical intracellular recording), which was dissolved in 50% ethanol. DMSO never exceeded 0.1% total volume during experimentation.
For continuous wavelet transformation (CWT) analysis, ϳ4 min per sample of continuous uninterrupted intracellular recordings was reduced to a sampling rate of 200 Hz and imported into Matlab (MathWorks, Natick, MA). The voltage time parameters were then analyzed by the software to produce an end product including frequency power spectrum, and a two-dimensional frequency over time contour map.
Modeling. f(x,t) is the spatiotemporal map, a function of distance along the length of the intestine (x) and time (t). f(x,t) was modeled as the sum of two components, an ICC-DMP component f dmp(x,t) and an ICC-MP component fmp(x,t).
The ICC-DMP component was a sine wave of amplitude Admp (arbitrary units), angular frequency dmp (radians/s), and velocity vdmp (cm/s).
The ICC-MP component (the omnipresent slow wave) was similarly defined except that 1) the amplitude A mp was a function of the ICC-DMP component's phase dmp (the "phase-amplitude coupling function"), and 2) the midpoint amplitude of the sine wave was adjusted according to ␣. The latter allowed the envelope of the ICC-MP component to be changed from symmetric about zero (␣ ϭ 0) to asymmetric away from zero (␣ ϭ nonzero).
The phase-amplitude coupling function A mp(dmp) was a sum of a constant B ("baseline") and a Gaussian wrapped around the [0,2] interval (see Fig. 1K ). The wrapping made sure amplitudes at 0 and 2 were equal (when the Gaussian is not centered on ) and so prevented discontinuities in f mp. The Gaussian had a height of h, standard deviation of w (radians), and center of c (radians).
The phase of the ICC-DMP component, dmp (radians), was calculated as
Note that by this definition ϭ 0 and 2 are the troughs of the ICC-DMP sine wave, so that the [0,] and [,2] intervals correspond to depolarization and hyperpolarization, respectively. This is shifted by 0.5 from the trigonometric convention, but is more physiologically pertinent. All parameters with radian units are given in the main text divided by 2, so that the coupling function Gaussian parameters (w,c) are normalized to the range between 0 and 1. Angular frequencies (dmp, mp) are divided by 2/60 so they appear as per minute frequencies. The model was designed as plug-ins into ImageJ.
Calculation of phase-amplitude function from electrophysiology data. Electrophysiology time series were bandpass filtered (8-pole Bessel) into an ICC-MP (band ϭ 20 -60 cpm) and an ICC-DMP (band ϭ 1-6 cpm) components. For each component the analytic signal was calculated by FFT (36) and this was used to calculate either the instantaneous phase (ICC-DMP) or amplitude envelope (ICC-MP) and thereby the phase-amplitude relationship. Phase was defined by the same convention as the model.
Motility video recording and spatiotemporal mapping. The hypothesis that underlies this manuscript came from analyzing numerous whole intestine motility video experiments both at Wuhan University and McMaster University and having numerous discussions with the coauthors of this paper both in China and Canada. For this reason, studies have been included from work in Canada (on mice) and China (on rats), also to show that the phenomena are not species specific.
Studies at McMaster University. CD-1 mice (n ϭ 17 female, 14 wk old) were euthanized by chloroform overdose followed by exsanguination. All animal procedures were approved by the McMaster University Animal Research Ethics Board. Lengths of small intestine were placed in organ baths containing oxygenated Krebs at 36°C and were imaged with web cameras (Macally, Toronto, Canada) mounted above the organ-bath, at a resolution of 0.014 cm/pixel at 30 Hz. Specific conditions (pressurization, drugs added to bath) varied with experiment and are indicated in figure legends.
Motility maps were created from web camera recordings with a custom plugin for ImageJ (NIH, Bethesda, MD) written by Sean Parsons. With the length of the intestine parallel to the x-axis of the camera frame, the plugin calculates the intestine's width at each pixel along the x-axis, by intensity thresholding. This gives an image of intestine width (image intensity) as a function of time (x-axis) and length along the intestine (y-axis). This image is called a "motility map" or "spatiotemporal map." Lighter colors in the map indicate dilation and darker colors indicate contraction.
Studies at Wuhan University. The proximal small intestine was examined from 15 adult male Sprague-Dawley rats weighing 150 -300 g. Protocols were approved by the ethics committee of Renmin Hospital of Wuhan University (NSFC-81170249). Animals were killed by cervical dislocation. Krebs solution consisted of (in mM) 118.1 NaCl, 4.8 KCl, 25 NaHCO3, 1.3 NaH2PO4, 1.2 MgCl2, 12.2 glucose, and 2.5 CaCl2. The contents of the small intestine were gently flushed out using warmed Krebs solution and the external connective tissue was removed. The distal and proximal ends were cannulated and fixed to the bottom of the organ bath. The inflow tube at the proximal end was connected to a reservoir (a 50-ml syringe) placed 15 cm above the level of the small intestine with PBS (phosphate buffered solution with 10 mM indomethacin, without glucose). The outflow tube (inner diameter 3 mm, outer diameter 4 mm) was positioned in a narrow upright container (measuring cylinder of 25 ml) filled with PBS. The fluid level in the container determined the intraluminal pressure and could be adjusted by raising or lowering the fluid level. Data acquisition occurred through a Microsoft camera using Microsoft Lifecam software at a frame rate of 25/s. Video recordings were analyzed using ImageJ custom plugins as described above.
RESULTS

Modeling phase-amplitude coupling.
A program was developed to explore interaction of electrical signals that operate within the musculature of the intestine. The omnipresent slow wave activity originating from ICC-MP was represented by a sine wave at a frequency between 30 and 45 cpm. The rhythmic transient depolarizations proposed to originate from the ICC-DMP (25) were represented by a sine wave between 2 and 4 cpm. The amplitude of the ICC-MP wave was determined by the phase of the ICC-DMP wave according to a phase-amplitude coupling function for which we chose a single Gaussian (see METHODS for details) so that the ICC-MP amplitude peaked at a single phase of the ICC-DMP cycle (55) . The ICC-DMP wave, and the ICC-MP wave modulated by the ICC-DMP, were added together (55) to produce the output signal shown in all figures and movies. 1 Obtaining model parameters from intracellular recording of the electrical activity. Intracellular electrical recordings were obtained from the circular muscle cells close to the deep muscular plexus of the small intestine in the presence of decanoic acid as reported previously (39) (Figs. 1A and 2A) . The amplitude of the slow waves in the presence of decanoic acid was waxing and waning; CWT analysis revealed a broad band of high frequencies centering on 40 cpm and a lowfrequency component at 3 cpm (Fig. 1, B and C) . The lowfrequency component in the recording of Fig. 1A was obtained by band pass filtering between 1 and 6 cpm and shown in Fig.  1D , considered the rhythmic transient depolarizations originating in ICC-DMP (25, 39) .
The specifics of decanoic acid-induced waxing and waning patterns were used in the model: phase-amplitude coupling of two sine waves such that the phase of the low-frequency wave modulated the amplitude of the high-frequency slow wave. When this is applied using the high-and low-frequency components of Fig. 1A , the model shows a symmetrical waxing and waning pattern (Fig. 1G) . However, the waxing and waning pattern is rarely perfectly symmetrical. A more realistic pattern was observed (Fig. 1H ) when the center of the phase-amplitude coupling function was moved to the left (Fig. 1J) . It is important to note that simple addition of the two sine waves did not result in any resemblance of the electrical recording (Fig. 1I) . The interpretation is that phase-amplitude coupling of the two ICC pacemaker activities mimics the actual recording whereas simple addition of the signals does not.
To investigate the true phase-amplitude coupling function, the function was extracted from the raw electrical data in randomly chosen experiments (Fig. 2) . The amplitude envelope of the high-frequency component, multiplied by two (see Fig.  2 ), was plotted against the phase of the low-frequency component, creating the phase-amplitude coupling function. Note that the peak of the function is shifted to the left compared with a symmetrical Gaussian function, similar to the function in Fig.  1J , which was obtained by trial and error to mimic the original recording. This means that the maximum amplitude reduction of the ICC-MP slow wave falls along the upstroke phase of the ICC-DMP rhythmic transient depolarization (see also Fig. 1K) .
The model gives further insight into the influence of changing the parameters of the phase-amplitude coupling function for both segmentation and propulsive cluster contractions (ex-plained below). Figure 3B shows the "Gaussian" shape of the waxing and waning with the standard phase-amplitude coupling function; when the peak is off-center to the left (i.e., ICC-MP amplitude wanes as the ICC-DMP reach maximum depolarization; Figs. 1J, 2E, and 3E), the shape of the waxing and waning is close to what is most often seen in the electrical recordings (38, 39) . When the width of the coupling function is narrowed, the difference between low-and high-amplitude oscillations becomes higher (Fig. 3J) , and fewer oscillations may reach mechanical threshold. The physiological regulation of the coupling function warrants further investigation.
The change of a propagating contraction pattern into a segmentation motor pattern. When slow wave activity is undisturbed (i.e., the phase-amplitude function is flat), a continuous wave of depolarization travels across the intestine at about 1 cm/s, allowing a continuing propulsive wave of contraction in its wake if the musculature is simultaneously and sufficiently excited (Fig. 4, B and F) . To visualize this, amplitude profiles were constructed along the intestine and their progression over time shown in a movie (Supplemental Movie S2; Supplemental material is available with the online version of this article). The amplitudes of the contractions (decreases in intestinal diameter) were of equal value along the intestine, and the contractions propagated along the intestine (Fig. 4, F and H, and Supplemental Movie S2).
When, in the model, the propagation velocity of the slow wave was set at 1 cm/s and the second pacemaker, the rhythmic transient depolarizations, was introduced with a propagation velocity at 0.08 cm/s, the spatiotemporal map showed the typical Cannon-type segmentation activity (Figs. 1L, 4E , and 5C) (25) . When the changes in intestinal diameter were shown over time in a segment of the intestine, it was clear that the indentations (the transient circular muscle contractions) did not propagate, hence a true segmentation activity promoting absorption and inhibiting propulsion (this is strikingly illustrated in Supplemental Movie S1). Hence, after phase-amplitude coupling of the slow wave with the second pacemaker, the regular propulsion is completely disturbed, and the continuous wave of depolarization has been transformed into a rhythmic wave of on-off-on-off depolarization, such that the associated contraction pattern consists of transient, abrupt, effectively nonpropagating contractions (Supplemental Movie S1). Without the second pacemaker component, the slow wave activity as modeled in Fig. 4F results in 3.5 contractions of constant amplitude traveling the intestine at any one time (Fig. 4H) ; when the segmentation motor pattern is induced by the second pacemaker, instead of just 3.5 indentations at any one time, now Ͼ7 indentations occur, contracting and relaxing to provide effective mixing (Fig. 4G , Supplemental Movie S1). 
Changing the propagation velocity of the ICC-DMP-generated rhythmic transient depolarizations.
The propagation velocity of the slow-wave-driven propulsive activity in the intestine has been reported numerous times by many investigators and it is usually in the order of 1 cm/s (2, 6, 21, 32, 56) . The propagation velocity of the second electrical pacemaker activity has never been measured directly and we discovered that the occurrence of the "Cannon-type" or "checkered" segmentation motor patterns was critically dependent on its propagation velocity. The segmentation motor pattern only happened when the propagation velocity was below 0.05 cm/s. With faster propagation velocities, between 0.08 and 0.5 cm/s, the motor pattern showed still segmentation, that is, no noninterrupted propagating activity was seen (Fig. 1M ), but it did not have the "pure" checkered appearance (Fig. 1L) . When the propagation velocity became close to the slow wave propagation velocity, the motor pattern showed the cluster-type propulsive activity ( Fig. 1N ; Supplemental Movie S4), the dominant propulsive activity of the small intestine, reported on numerous times in the literature (see DISCUSSION) . Importantly, the prominent waxing and waning of the high-frequency amplitude (shown in Fig. 1H ) did not change. This indicates that the two prominent motor patterns of the small intestine, the segmentation pattern and the clustered propulsive contractions, are both orchestrated by interactions of the two pacemakers, in concert with neural excitation. Figure 5A is a spatiotemporal map of contractile activity of the small intestine displaying the typical Cannontype "checkered" segmentation motor pattern. The slow wave Fig. 4 . Characteristics of the mouse segmentation motor pattern. A: spatiotemporal map showing the segmentation motor pattern with an occasional propulsive contraction. B: spatiotemporal map showing a transition from segmentation to propulsion. Note that the "propagation velocity" can be calculated at the right side of the image, but is also still "visible" at the left side of the image, allowing the hypothesis that in both instances a propagating slow wave is part of the control mechanism. C: at the white arrow (c) in A, it can be seen that during segmentation, multiple contractions are identifiable at the same time along the intestine. D: at the white arrow (d) in B, it can be seen that in this section of the intestine, two propulsive contractions occur at the same time at any point of the intestine. E: model with parameters: Admp ϭ 2; dmp ϭ 8 min
Segmentation and propulsion orchestrated by pacemaker interaction, dependent on propagation velocity shown in spatiotemporal maps of segments of intestine and through modeling.
Ϫ1
; vdmp ϭ 0.07 cm/s; ␣ ϭ 0; mp ϭ 50 min
; vmp ϭ 0.85 cm/s; B ϭ 2; h ϭ 5; c ϭ 0.5; w ϭ 0.1. F: model with same parameters as E but with no modulating DMP component (Admp ϭ 0; B ϭ 7; h ϭ 0). G: at the white arrow (g) in E, it is shown that ϳ7 (segmental) contractions occur at any point in time. H: at the white arrow (h) in F, it is shown that 3.5 (propulsive) contractions occur at any point in time. I: between white arrowheads (i) in E, an on-off on-off pattern of contractions is seen as shown here. Between white arrowheads in F a continuous contraction is propagating along the intestine (see also Supplemental Movies S1 and S2). frequency of the mouse small intestine (32 cpm) can easily be recognized. The propagation velocity of the dominant slow wave in the intestine, and hence the propagation velocity of the slow-wave-driven circular muscle contractions is relatively constant at ϳ1 cm/s (bottom white arrow in Fig. 5A ). This checkered pattern was modeled with a sine wave of 34 cpm at 0.78 cm/s whose amplitude was modulated by the phase of a sine wave of 4 cpm and a velocity of 0.04 cm/s (Fig. 5C) . The checkered pattern from the model (Fig. 5C) is strikingly similar to the checkered pattern in the spatiotemporal map of the segmentation motor pattern (Fig. 5A) . The amplitude profile, when measured at a fixed point over time, showed the waxing and waning pattern (Fig. 5D) , similar to the waxing and waning of the intestine diameter in the segmentation motor pattern (Fig. 5B) . The slow propagation velocity can be recognized in the spatiotemporal maps (see top white arrow in Fig. 5A ). The frequency of the low-frequency component can be recognized as the waxing and waning frequency when the amplitude profile is plotted (Fig. 5D) .
When, in the model, the propagation velocity of the lowfrequency component was sped up to 2 cm/s, the clustered propulsive activity developed (Fig. 5G) . The amplitude profile of this activity showed waxing and waning (Fig. 3H) . In order to document the clustered contractile activity of the small intestine, experiments were performed on 12 mouse intestines that showed the cluster frequency as 1.4 Ϯ 0.2 cpm and the cluster propagation velocity was 1.1 Ϯ 0.2 cm/s (Fig. 5, E and  F) . The frequency of the clusters in the rat intestine was 0.5 Ϯ 0.2 cpm (n ϭ 11). The amplitude profile shows a low-frequency component with superimposed high-frequency activity that displays waxing and waning. The motor pattern can be described as clusters of slow-wave-driven propagating activity. When these slow-wave-driven propulsive contractions merge, which happens when the amplitude becomes high, effectively a single contraction propagates at the cluster frequency. Figure 5I shows a nonpropulsive motor pattern that can be described as segmentation although it is not a typical "Cannontype" checkered pattern. The slow-wave-driven contractions are not as short lasting as in the checkered pattern; they are propagating over very short distances. An amplitude profile (Fig. 5K) readily shows low-frequency periodicity with a waxing and waning pattern. This motor pattern was modeled using a high frequency of 23 cpm at a velocity of -1.5 cm/s and a low-frequency component at 1.3 cpm with a velocity of Ϫ0.13 cm/s (retrograde) (Fig. 5J) . The original motor pattern (Fig. 5I) was not uniform and hence it cannot be modeled perfectly with the current model; however the bands of segmental contractions can easily be recognized in the model spatiotemporal map (Fig.  5J) , and the amplitude profile shows waxing and waning ( Fig. 5L ; Supplemental Movie S3).
DISCUSSION
Regular rhythmic waxing and waning of the amplitude of contractions of the small intestine can be recognized in figures of many publications on intestinal motility (5, 15, 30, 33, 49) , but it is almost never commented upon, although the occurrence of waxing and waning of slow waves has been clearly demonstrated (14, 53 ). Here we demonstrate that the waxing and waning is a reflection of the origin of the motor pattern, namely the interaction of two pacemaker activities: it is the result of the modulation of the amplitude of the slow waves generated by ICC-MP by the phase of the rhythmic transient depolarizations proposed to be originating from the ICC-DMP. This interaction can result in the typical checkered segmentation motor pattern as described by Cannon (7, 25) , but it can also result in a clustered propulsive motor pattern. Both motor patterns are associated with waxing and waning of the amplitude of the slow-wave-associated contractions. The only difference between the generation of these two functionally different motor patterns may be the propagation velocity of the ICC-DMP pacemaker activity, the transient rhythmic depolarizations.
The present study shows that the phase-amplitude coupling function can be derived from the original recordings. It shows that the depolarization phase or the rhythmic transient depolarizations causes a reduction in the amplitude of the slow wave. Of interest is the fact that the center of the phaseamplitude coupling function was shifted to the left, very similar to the function created by trial and error in the experiment shown in Fig. 1 to match the original recording. Hence the peak of the reduction in slow wave amplitude occurs at the depolarizing phase of the ICC-DMP activity (Fig. 1K ). It will be important in future studies to assess the biological variability of the phase-amplitude coupling function and its consequences for motor patterns.
The relationship between the slow wave frequency and the frequency of the slow-wave-driven contractions. Muscle contractions are generated by action potentials generated by the smooth muscle cells. Smooth muscle cells do not spontaneously generate action potentials; the resting membrane potential is too hyperpolarized for calcium channels to open. The smooth muscle cells wait for a stimulus that depolarizes them. This depolarization is usually provided by "slow waves" that propagate into the musculature after being initiated by ICC-MP. In the mouse proximal intestine, the frequency of the slow waves is ϳ45 cpm; in the rat intestine it is ϳ35 cpm (56). The frequency becomes progressively lower towards the distal intestine. Slow wave activity occurs continuously. However, slow-wave-provided depolarization may not be enough to cause action potential generation, and hence a second stimulus may be necessary to further depolarize the muscle cells; this is often provided by a neural stimulus, but it can also be another stimulus such as distension of the intestinal wall causing stretch of the muscle cells. Only if all slow waves pass the "mechanical threshold" is there a 1:1 relationship between electrical activity and contraction. The contraction frequency will not surpass the electrical frequency. If a second pacemaker creates a waxing and waning of the slow wave amplitude, then only some slow waves will surpass the mechanical threshold and those that do will do so to varying degrees. This means that the number of action potentials (or the force of contraction) that is generated by each slow wave will vary depending on for how long and to what extent the various slow waves are surpassing the threshold. This is why the mechanical activity has a waxing and waning appearance in amplitude when the electrical activity does.
Interaction between two electrical pacemaker activities penetrating the circular musculature. The high-frequency slow wave activity originates from ICC-MP, propagates within the ICC-MP network, and from there the slow waves propagate into the circular musculature (42) . The low-frequency component, the rhythmic transient depolarizations, comes from the ICC-DMP (25) . ICC-DMP form a network (10) of long bipolar cells that are oriented circumferentially. The activity from the ICC-DMP presumably can propagate in oral or anal direction, and from the ICC-DMP network the activity will propagate into the circular muscle. Recording intracellularly from a muscle cell in the circular muscle layer of the small intestine, in between the ICC-DMP and ICC-MP, the signals from both sources will come together (25, 39) . Here we provide additional evidence using modeling that the resulting waxing and waning is due to phase-amplitude coupling between the slow waves and the lower frequency rhythmic transient depolarizations. The waxing and waning pattern does not emerge by simple addition of the two electrical signals. In fact, we show here that the phase-amplitude relationship can be directly derived from the original electrical recordings. The "typical" segmentation motor pattern, seen as a "checkered" motor pattern and identical to the description of Cannon in 1902, can faithfully be reproduced using the model, but this pattern only occurs when the propagation velocity of the low frequency is Ͻ0.05 cm/s. This low velocity is easily recognized in the spatiotemporal maps of the segmentation motor pattern (Fig. 5A ). When the propagation velocity is increased to a value similar to that of the slow wave activity, then the segmentation pattern is lost and the motor pattern shows a clustered pattern of propulsive activity (Fig. 5E) ; see Supplemental Movie S4.
The clustered pattern of activity is the major propulsive motor pattern of the intestine. Whole intestine motility in vitro revealed that this motor activity occurs at 0.5-2 cpm (15, 16, 24, 37, 40, 48) . The frequency is variable and depends on spontaneous neural activity and level of distension. The frequency of the contractions within the clusters is that of the omnipresent slow wave, and their amplitude shows a waxing and waning pattern. Within a cluster, the slow-wave-associated contractions can be recognized associated with high-amplitude transient intraluminal pressures (Fig. 5E) (40) .
Clustered contractions in the human small intestine. The above-described clustered motor pattern is prominently present in the human intestine and appears particularly abundant postprandially. The clusters have a minute rhythm (0.5-1 cpm) (23, 27, 47) . (17) . Two contraction rhythms were identified, one around 12 cpm (11) (22) , the other around 0.5-1 cpm (18, 50) . The slow wave pacemaker activity in the human intestine occurs at 9 -12 cpm (51) associated with ICC-MP (17) . In one study, the cluster contractions were assumed to be stationary (23) , in another deemed to propagate (27) , suggesting that they may relate to segmentation as well as propulsion. It is of great interest to note that the present study shows that segmentation and clustered propulsion cannot be distinguished from a single manometry recording. Figure 1I illustrates a waxing and waning pattern recorded at a single site; this exact activity is recorded whether the motor pattern represents segmentation (Fig. 1L) or propulsion (Fig. 1N) .
A recent paper by Kuizenga et al. (30) allows an interesting comparison between our data and data from a segment of the human small intestine in vitro using high-resolution manometry. In the human intestine, clustered contractions are prominent. The slow-wave-driven "ripples" can occur in clusters with a waxing and waning amplitude. The clusters propagate "at the lower end of 1-20 mm/s," which is similar to the propagation of the ripple contractions at 4 mm/s, consistent with the hypothesis generated in the present study that the low and high frequency have a similar propagation velocity. In the Kuizenga paper, the clustered contractions are thought to be governed by a neural pacemaker since this type of contraction is abolished by lidocaine. This is a logical hypothesis and we have no evidence to dispute it, but an alternate explanation is possible. The clustered contractions can be governed by a neurally induced pacemaker in the ICC-DMP (25) . Definitely, the clustered nature and the waxing and waning can be entirely myogenic since it can persist in the presence of lidocaine, particularly clear in figure 6C in Ref. 30 . The clustered contractions can also occur more or less randomly (figure 3A in Ref. 30 ) strikingly resembling a segmentation patterns as shown in the present study.
What determines the propagation velocity? The propagation velocity of a slow wave is often thought to be reflecting the speed of active propagation of the slow wave through the syncytium of the ICC network. Although the biophysical features that would allow for this, the ion channels, the intracellular calcium oscillations, and voltage-and ligand-driven ion channel opening and closing, are all actively involved in slow wave activity, the network as a whole is not a passive system waiting for a proximal pacemaker to propagate through the system. All ICC are active pacemaker cells that are synchronized as a system of coupled oscillators. This becomes apparent when the tissue is cut into pieces; the slow waves appear in all pieces without the need for any stimulus. Recent work from our laboratory provided more evidence that to understand the network properties of the ICC-MP one has to take into account that it is a system of coupled oscillators (26) . Hence, the propagation velocity is apparent and due to phase coupling of a system of coupled oscillators with an intrinsic frequency gradient (12, 43) . The propagation velocity was rather constant in our experiments and in many other studies in the literature at around 1 cm/s although in the cat it varies from 10 cm/s in the proximal end to 1 cm/s in the distal end (31) . Features of coupled oscillators that influence the apparent propagation velocity are the intercellular coupling characteristics within the ICC network (properties of gap junctions and/or ephaptic coupling) (29) , the resting membrane potential of the ICC (3), their refractory period characteristics (4) and frequency gradients (12) .
The network characteristics of the ICC-DMP have not been studied. We hypothesize that the rhythmic transient depolarization propagate within this network and propagate from this network into the circular muscle cells. Whether the ICC-DMP pacemaker activity behaves as a system of coupled oscillators is not known. The rhythmic transient depolarizations are stimulus dependent, with the nervous system likely the major stimulant. Hence neural action on the ICC-DMP network may influence the characteristics of the network including coupling characteristics such as gap junction conductance, possibly similar to dopaminergic regulation of gap junction conductance in the retina (57) . Interestingly, gap junctions connecting ICC-MP are rare in the mouse small intestine (45, 54) , whereas the ICC-DMP are rich in gap junctions, far richer than the ICC-MP network. ICC-DMP are also abundantly innervated, much more dense compared with ICC-MP (44, 46) . Hence the transition from propulsion to segmentation may involve neural modulation of gap junction conductance within the ICC-DMP network, thereby changing the propagation velocity of the rhythmic transient depolarizations. 
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